Introduction {#sec1}
============

MicroRNA (miRNA) duplexes of 20--23 nucleotides assemble with Argonaute (Ago) family proteins, one strand (the guide strand) of which is incorporated into the miRNA-induced silencing complex (miRISC).[@bib1], [@bib2] The Ago-loaded miRNA sequence is divided into functional parts (seed, central, supplementary, and 3′ tail) based on their roles.[@bib3], [@bib4] The Ago-miRNA complex first recognizes target RNA through binding at the seed region and propagates pairing to the other parts. Recent research indicates that the resulting ternary complex of Ago-miRNA-target then follows one of a number of pathways: cleavage, stable, or transient binding.[@bib5] The molecular basis for the recognition/cleavage of target RNA is currently the focus of many studies.[@bib4], [@bib5], [@bib6], [@bib7]

MiRISCs are guided to bind to the 3′ UTRs of mRNAs and destabilize their intracellular stabilities, resulting in translational regulation. A wide variety of miRNAs are implicated in the post-transcriptional regulation of diverse cellular and developmental processes. Importantly, the expression and functions of miRNAs are also regulated by endogenous elements.[@bib8], [@bib9], [@bib10], [@bib11] Dysregulation of miRNAs is closely related to the development or prognosis of diseases. Therefore, miRNAs are not only therapeutic targets[@bib12], [@bib13], [@bib14], [@bib15], [@bib16] but also promising biomarkers.[@bib17], [@bib18]

Anti-miRNA oligonucleotides (AMOs), or anti-miRs, bind miRNAs through complementary sequences and inhibit miRNA functions in living cells. Only seed-targeting 8-mer locked nucleic acid (LNA)-based AMOs had also reported to be effective in inhibiting miRNA.[@bib19] Various chemical modifications of AMOs are used to improve nuclease resistance, strong affinity to target, and cellular uptake.[@bib20] Sugar modifications, such as 2′-*O*-methyl, 2′-methoxyethyl, 2′-fluoro, or bicyclic LNA, are most commonly employed to enhance affinity to RNA targets and nuclease resistance. Biostability or pharmacokinetic properties can be improved by substituting the phosphodiester (PO) backbone linkages with phosphorothioate (PS) linkages or using peptide nucleic acid (PNA) or morpholino oligomers.[@bib21], [@bib22], [@bib23], [@bib24], [@bib25] In contrast to these synthetic inhibitors, plasmid-based anti-miRNA molecules (sponges or erasers) have been also developed to continuously express the inhibitory effect after cell division.[@bib26], [@bib27], [@bib28], [@bib29], [@bib30]

Although the linear single-stranded oligonucleotide form of AMOs are mainly employed, unique secondary-structured AMOs show high anti-miRNA activity.[@bib31] In addition, double-stranded duplexes flanking the single-stranded AMO sequence improve the inhibitory effects;[@bib32], [@bib33] however, the molecular mechanisms underlying the duplex role in AMO function is still unclear. Further studies are required to determine the roles of duplexes in maintaining the double-stranded forms, since there is a risk of dissociation into single strands. Although duplex structures are stabilized by interacting with hairpin loops, hairpin-stem-loop structures sometimes form concatemers upon intermolecular binding because of self-complementarity. Moreover, duplex stabilities largely depend on their sequences or molecular environment.[@bib34]

Interstrand cross-link of DNA or RNA inhibits double strands from dissociating into single strands.[@bib35], [@bib36] We previously developed a sequence-specific cross-link reaction that conjugates a pair of apurinic/apyrimidinic sites (AP sites) on complementary oligodeoxynucleotides (ODNs) using a short bifunctional cross-linker containing bis-aminooxy groups.[@bib37] The cross-link formation makes the duplex rigid[@bib38] and provides stable DNA scaffolds where enzymes are immobilized to catalyze glucose.[@bib39] This method also enables preparation of a plasmid containing interstrand cross-links at specific sites.[@bib40]

This paper aims to investigate the roles of duplexes flanked with the antisense in the inhibition of miRNA using the stable cross-linked duplex to reveal the structural basis of AMOs for efficient control of gene silencing. We constructed AMOs flanked by cross-linked duplexes to measure the inhibitory activity against miRNAs. AMOs containing the CLs strongly inhibited miRNA functions more efficiently than AMOs with normal single or double strand(s). Notably, the inhibitory activity largely depended on the positions of the duplex in AMO molecules. The results of the structure-function relationship not only suggest the possible interaction between the duplex domain and Ago-miRNA complex but also provide useful insights in constructing more potent AMOs.

Results {#sec2}
=======

Interstrand Cross-Link of a Pair of AP Sites in Double-Stranded MeRNA Stabilizes the Helical Conformation {#sec2.1}
---------------------------------------------------------------------------------------------------------

A previous study has reported that an antisense flanked by 16- or 18-mer duplexes inhibits miRNA functions more effectively than a single-stranded one.[@bib32] To stabilize the shorter duplex, we planned to cross-link the duplex regions with a bifunctional linker that conjugates a pair of AP sites on complementary strands.[@bib37] To prepare AMOs from 2′-*O*-methyl RNA (MeRNA), we first examined whether AP-site cross-linking could occur in MeRNA duplexes. A MeRNA 12-mer duplex containing a deoxyuridine on each strand was treated with uracil DNA glycosylase, followed by cross-linking with a bifunctional linker ([Figure S1](#mmc1){ref-type="supplementary-material"}). The MeRNA duplex cross-linked as efficiently as a DNA duplex,[@bib37] and a cross-linked MeRNA duplex CL12 ([Figure 1](#fig1){ref-type="fig"}) was obtained. Circular dichroism (CD) analyses of CL12 revealed a spectrum with a strong positive peak at 265 nm ([Figure S2](#mmc1){ref-type="supplementary-material"}A), indicating that it has a typical A-form structure similar to the perfect match for a 12-mer duplex (DS12). When the incubation temperature was gradually increased, the molecular ellipticity (ME) of CL12 remained constant at all temperatures, whereas that of DS12 drastically decreased above 65°C ([Figure S2](#mmc1){ref-type="supplementary-material"}B). This result indicates that the helix conformation of CL12 can be stably maintained even under heat-denaturing conditions.Figure 1Sequences of Interstrand Cross-Link of 12-mer MeRNA Duplex (CL12) and Representative AMOs (AS, 5′3′CL) Targeting miR-21 Used in the Present StudyComplementary sequence to miR-21 is shown in gray. Vertical bold lines and Xs indicate the cross-linker and cross-linked sites.

AMOs Flanked by Cross-Linked MeRNA Duplex (CL) Exhibit High Inhibitory Activity {#sec2.2}
-------------------------------------------------------------------------------

An antisense 22-mer (AS) targeting miR-21 flanked by CL12 at both terminals was constructed to stabilize duplex domains, yielding 5′3′CL ([Figures 1](#fig1){ref-type="fig"}, [S1, and S3](#mmc1){ref-type="supplementary-material"}). As control molecules, AMOs were prepared with single strands (5′3′SS), double strands (5′3′DS), and hairpin stems (5′3′HP) ([Figures 2](#fig2){ref-type="fig"}A and [S3](#mmc1){ref-type="supplementary-material"}). All AMOs were independently transfected into HeLa cells at concentrations ranging from 0 to 10 nM, and inhibitory activities against miR-21 were evaluated using a dual luciferase system comprising the *Renilla* luciferase (hRluc) gene with the miR-21 binding sequence and *firefly* luciferase (Fluc) gene as an internal control ([Figure 2](#fig2){ref-type="fig"}B).[@bib19], [@bib41] The ratios of hRluc/Fluc were normalized using the ratio from the control cells that were transfected with a dual luciferase reporter without miR-21 binding sequence. Both AS and AS flanked by single-stranded 12-mer (5′3′SS) had negligible effects on miR-21 at 48 hr after transfection. However, the AS flanked by perfect-match 12-mer duplexes (5′3′DS) showed significant inhibition. 5′3′HP with stable hairpin loops[@bib20], [@bib32] further enhanced the efficacy, but the repression level did not reach a plateau even at 10 nM. These structural dependences are consistent with the result described in the previous report.[@bib32] In contrast, 5′3′CL exhibited maximum activity at 5 nM and was found to have the most potent activity among other AMOs ([Figure 2](#fig2){ref-type="fig"}B). Two nucleotide mismatches in the anti-seed region (5′3′CL-M) or deletion of the sequence complementary to the 3′ half of miR-21 (5′3′CLs) significantly reduced activity ([Figure 2](#fig2){ref-type="fig"}B), indicating that both the seed and the 3′ half of the miRNA are essentially recognized by 5′3′CL. It is noted that compared with 5′3′DS or 5′3′HP, 5′3′CL has the potential to stably hybridize with the target RNA, as observed at the melting temperature ([Figure 2](#fig2){ref-type="fig"}A). This stable hybridization with the target RNA is due to the higher stacking effect of CL. A similar stabilization of the hybridization was also observed in cross-linked DNAs (Y.K., unpublished data). Notably, 5′3′CL showed significantly higher activity than a number of commercially available AMOs composed of double-stranded flanking structures ([Figure S4](#mmc1){ref-type="supplementary-material"}) or single-stranded LNA-based structures (data not shown).Figure 2Inhibitory Activity Assays of AMOs Flanked by Single Strands, Double Strands, Hairpin Stems, or CL at Both Termini(A) Schematic drawings of the secondary structure of each AMO and their Tm values in hybridizing with synthetic miR-21 RNA. Vertical bold and dotted lines indicate cross-linking and base pairing, respectively. Differences in Tm values from that of AS are indicated as ΔTm in parentheses. (B) Relative luciferase intensities in dual luciferase assays at several AMO concentrations (0, 0.5, 1, 2, 3, 4, 5, and 10 nM). Normalized intensities are represented as mean ± SD (n = 3 independent experiments). A t test was performed with 5′3′DS and 5′3′HP against 5′3′CL at the same concentrations. \*p \< 0.05 and \*\*p \< 0.01.

Inhibitory Activity Largely Depends on Positions of the Duplex Connected to AMO Molecules {#sec2.3}
-----------------------------------------------------------------------------------------

Next, one of either the 5′ or 3′ terminal ends of the antisense was linked with four types of dangling structures (SS, DS, HP, or CL), as used in both termini-modified AMOs ([Figures 3](#fig3){ref-type="fig"}A and [S3](#mmc1){ref-type="supplementary-material"}). AMOs with duplexes at the 3′ side (3′DS, 3′CL, 3′HP) did not inhibit miR-21 at concentrations from 0.5 to 5 nM ([Figure 3](#fig3){ref-type="fig"}A), and a faint signal was observed only at 10 nM of 3′CL. In contrast, AMOs with 5′-side modifications (5′CL, 5′DS, 5′HP) notably retained inhibitory activities, although those were slightly lower than that of 5′3′CL ([Figure 3](#fig3){ref-type="fig"}A). Importantly, the activity of 3′CL did not reach the level of 5′CL even at high AMO concentrations ([Figure S5](#mmc1){ref-type="supplementary-material"}), in spite of the fact that there are no differences in melting temperature (Tm) values between each AMO ([Figure 3](#fig3){ref-type="fig"}A). These results suggest the possibility that 5′- and 3′-side duplexes of AMO molecules might have different modes of action in preventing miRNA function. In addition, the activities of 5′CL and 5′CLHP (cross-linked hairpin) were higher than those of their parent molecules (5′DS and 5′HP; [Figure 3](#fig3){ref-type="fig"}A), confirming that the cross-linked duplex could be an effective structure for anti-miRNA function. Together with the inactivity of 5′SS with a single strand on the 5′ side (data not shown), the dependencies on the dangling structures imply that the bulky or rigid structure on the 5′ side of AMO significantly contributes to anti-miRNA function. Lennox et al.[@bib42] have synthesized single-stranded AMOs comprising a non-nucleotide molecule, N,N-diethyl-4-(4-nitronaphthalen-1-ylazo)-phenylamine (ZEN), at the 5′ or 3′ terminal. In that report, the 5′-ZEN-modified AMO exhibited higher anti-miRNA activity than the 3′-modified AMO, which is a trend similar to that of our results. Considering these results together, anti-miRNA activities might be largely affected by either the position or the molecular size of structures flanking the antisense region in AMOs.Figure 3Inhibitory Activity of AMOs Flanked by Duplex structures at the 5′- or 3′-TerminusInhibitory activity of AMOs flanked by duplex structures at the 5′ or 3′ terminus (A) and AMOs having different junction structures at the 5′-side duplex (B). AMO concentrations varied from 0 to 10 nM (0, 0.5, 1, 2, 3, 4, 5, and 10 nM). Each Tm value of the AMO-miR-21 complex is indicated below the horizontal axis. Relative intensities are represented as mean ± SD (n = 3 independent experiments). A t test was performed against 5′3′CL at the same concentrations. \*p \< 0.05 and \*\*p \< 0.01. (C) Real-time bioluminescence monitoring of anti-miRNA activities of 3′CL, 5′CL, and 5′3′CL. 5′-CL-AMOs (5′3′CL and 5′CL) showed much higher inhibitory activities over time (approximately 96 hr) after transfection than 3′-CL-AMO (3′CL). Black and gray bars indicate average and standard deviation values, respectively, calculated from the data obtained from four replicates.

MiRISC mediates degradation of mRNA through full or partial complementary binding.[@bib43], [@bib44] Thus, the mRNA decay of the reporter hRluc gene linked to the miR-21 binding sequence (RL-miR-21bs) was examined using qRT-PCR after transfection with 5′3′CL, 5′CL, or 3′CL. The mRNA level of the RL-miR-21bs was significantly increased following transfection with AMOs ([Figure S6](#mmc1){ref-type="supplementary-material"}). This result indicates that AMOs interacted with miRNA, and importantly, the increased level of the target mRNA is in good accordance with the differences in the inhibitory activities determined in the luciferase assays (5′3′CL \> 5′CL \> 3′CL).

Since the 5′ duplex exerted a remarkable effect on anti-miRNA activity, the positional effect of the 5′ duplex of the antisense region was further evaluated by inserting two or five nucleotides between the antisense and the 5′ duplex (5′CLsp2 and 5′CLsp5; [Figure S3](#mmc1){ref-type="supplementary-material"}). As shown in [Figure 3](#fig3){ref-type="fig"}B, the anti-miRNA activities of both spacer-inserted AMOs significantly decreased compared to that of the 5′CL depending on the spacer lengths ([Figure 3](#fig3){ref-type="fig"}B). A similar reduction was observed when apparent spacers were formed at the junctions by deleting one or three nucleotides from the 5′ duplex domains (5′CLΔ1, 5′CLΔ3, and 5′CLHPΔ3; [Figure S7](#mmc1){ref-type="supplementary-material"}). In contrast, the low activity of 5′CLsp2 could be restored to the same level as that of 5′CL by forming base pairs at the spacer region (5′CLsp0; [Figure 3](#fig3){ref-type="fig"}B). Note that anti-miRNA activities of the spacer-inserted AMOs are correlated with a decrease in Tm values. This is mainly derived from the diminishment of the stacking effect of the 5′-side duplex upon hybridization with miRNA. Thus, stable binding with miRNA might be one of the important factors for the high activity of 5′CL.

When 5′CL-modified-AMO (5′CL-AMO) binds to miRNA on Ago, the 5′ duplex is located proximally to the 3′ tail of miRNA. According to a previous research, the 3′ tail docks to the PAZ domain of Ago and is not involved in base-paring with single-stranded target RNA.[@bib45] To examine whether the 3′ tail binds with 5′CL-AMO, we introduced nucleotide mismatches into the 5′ end of the antisense region (5′CL-M) or masked the 3′ tail binding site using a longer strand of CL (5′CLsp-2) ([Figure S3](#mmc1){ref-type="supplementary-material"}). Interestingly, the activities of both 5′CL-M and 5′CLsp-2 markedly decreased compared to 5′CL ([Figure 3](#fig3){ref-type="fig"}B). These results reveal that the 3′ tail is recognized by 5′CL-AMOs and that the 3′ tail binding is considered to be stabilized by the adjacent CL, which has a high stacking effect on hybridization at the tandem position.

The aforementioned dual luciferase assay was an endpoint evaluation. To compare inhibition kinetics, we conducted real-time bioluminescence monitoring by means of dual-color assay system, one of which contains the green-emitting luciferase gene (SLG) with the miR-21 binding sequence and the other the red-emitting luciferase gene (SLR3) as an internal control reporter, which expresses under the control of TK promoter.[@bib46], [@bib47] After 3′CL, 5′CL, and 5′3′CL were independently transfected into HeLa cells at a concentration of 2 nM, normalized luminescence intensities of SLG by SLR3 were calculated between 0 and 96 hr ([Figure 3](#fig3){ref-type="fig"}C). While there were no signal changes following transfection with only buffer or the mismatch AMO (5′3′CL-M; data not shown), the luminescent values of 3′CL, 5′CL, and 5′3′CL increased up to 15 hr, 38 hr, and 48 hr, respectively. At maximum points, 5′3′CL and 5′CL showed 38- and 21-fold changes, respectively, whereas 3′CL only showed a 4-fold increase ([Figure 3](#fig3){ref-type="fig"}C). The differences in the inhibitory activities obtained in this real-time bioluminescence monitoring were consistent with those in the endpoint assay. Notably, 5′3′CL not only showed the highest activity at all time points but also maintained a 20-fold increase up to 96 hr post-transfection, indicating the long duration of gene silencing with this type of AMO.

Moreover, endogenous target protein level upon the transfection of AMOs in HeLa cells was analyzed. Phosphatase and tensin homolog deleted on chromosome 10 (PTEN) is known to be a target of miR-21 and a tumor suppressor.[@bib48] The level of PTEN increased following the transfection of 5′3′CL and 5′CL, whereas no significant change was observed for 3′CL ([Figure S8](#mmc1){ref-type="supplementary-material"}).

The 3′-Side CL Confers Nuclease Resistance to AMOs {#sec2.4}
--------------------------------------------------

Anti-miRNA activities were dependent on the CL-connected termini. To evaluate the nuclease resistance of CL-modified AMOs (CL-AMOs), 5′3′CL, 5′CL, and 3′CL were subjected to exonuclease treatment. While 5′CL was sensitive to 3′ exonuclease digestion, both 5′3′CL and 3′CL exhibited high resistance ([Figure 4](#fig4){ref-type="fig"}A). The same trend was observed for human serum treatment ([Figure S9](#mmc1){ref-type="supplementary-material"}). These results evidently demonstrate that the 3′-side CL protects the single-stranded antisense region from 3′-to-5′ exonuclease digestion and indicate that inactive 3′CL could be stable in cells. The nuclease lability of 5′CL raised the possibility that the anti-miRNA activity of 5′CL could be enhanced by improving its nuclease resistance. To assess this hypothesis, the 3′-terminal phosphorodiester linkage of 5′CL was modified to phosphorothioate to confer nuclease resistance (5′CLps; [Figure 4](#fig4){ref-type="fig"}B). As expected, 5′CLps exhibited an approximately 2-fold increase in miR-21 inhibition, particularly at low-AMO concentrations.Figure 4Nuclease Resistance of CL-AMOs(A) Denaturing PAGE analysis of AMOs (5′3′CL, 3′CL, and 5′CL) treated with snake venom phosphodiesterase (SVPD). The number on each lane indicates the reaction time. (B) Inhibitory activity of the CL-AMO with a phosphorothioate linkage at the 3′ end. Relative luciferase intensities of 5′CL and 5′CLps were plotted versus concentrations of each AMO (0, 0.5, 1, 2, 3, 4, 5, 10 nM).

Highly Active CL-AMOs Sequester miRNAs {#sec2.5}
--------------------------------------

Next, to understand the mode of action for the CL-AMOs to inhibit miRNA activity, miR-21 was recovered from AMO-treated HeLa cells and analyzed by northern blotting with comparison to control cells. Two bands were observed on northern blotting analysis from the control cells ([Figure 5](#fig5){ref-type="fig"}A). Recently, Boele et al.[@bib49] have reported that miR-21 is produced in two prevalent isomiR forms, miR-21 (22 nt) and miR-21 plus cytidine at the 3′ end (miR-21 + C) (23 nt). Accordingly, the upper band in the blot with lower mobility corresponds to miR-21 + C and the lower band to miR-21. With 5′3′CL and 5′CL transfections, both miR-21 + C and miR-21 were detected and were similar to those in the control cells, although miR-21 was enhanced to some extent relative to miR-21 + C ([Figure 5](#fig5){ref-type="fig"}A). On the other hand, multiple bands were observed in the 3′CL-treated cells ([Figure 5](#fig5){ref-type="fig"}A). This result is the same as that reported in the transfection with a single-stranded AMO,[@bib50] and it has recently been revealed that nucleases and transferases mediate the 3′ end trimming and tailing of miRNA by responding to binding with a single-stranded AMO.[@bib51] On the basis of all results, 3′CL might interact with miRNA in the same manner as a single-stranded AMO, whereas both 5′3′CL and 5′CL might suppress miRNA modification through a different way of interacting with miRNAs (see [Discussion](#sec3){ref-type="sec"}). Note that miR-21 was slightly enhanced relative to miR-21 + C in the transfection of either 5′3′CL or 5′CL compared with the control cells ([Figure 5](#fig5){ref-type="fig"}A). We speculate this change in relative levels of miR-21 and miR-21 + C may be derived from the removal of protruded cytidine residue at the 3′ end of miR-21 + C by 3′-to-5′ exonuclease. The original and 3′-trimmed miR-21 would not be further degraded in the transfection of 5′CL or 5′3′CL because the 3′ end is protected from exonuclease digestion by the neighboring 5′ side of the CL structure. Previous studies have reported that chemically modified "high-affinity" AMOs[@bib52], [@bib53], [@bib54] or plasmid-based miRNA inhibitors[@bib29], [@bib30] do not degrade miRNAs but mainly sequester them in the cells. 5′CL and 5′3′CL might suppress miRNA functions using this mechanism.Figure 5Analyses of miRNA and AMO after AMO Transfection(A) Northern blot analysis of miR-21 expression level in HeLa cells transfected with 10 nM AMOs (5′3′CL, 5′CL, and 3′CL) after 48 hr. Transfection without AMO was used as control. (B and C) Analysis of AMO co-immunoprecipitated (IP) with Ago2 after transfection. Blotting images were obtained following transfection with 2 nM of each AMO (B) and with three (5′3′CL + 3′CL + 5′CL) or two (3′CL + 5′CL) AMO mixtures of 2 nM each (C).

CL-AMO Structure Largely Affects Its Binding Efficiency to Ago2-RISC Complex {#sec2.6}
----------------------------------------------------------------------------

To investigate whether CL-AMOs function on RISC, immunoprecipitation (IP) using anti-Ago2 antibody was conducted following transfection with CL-AMOs (5′3′CL, 5′CL, and 3′CL). Each AMO could be recovered in the IP analysis, as shown in [Figure 5](#fig5){ref-type="fig"}B, demonstrating an association with Ago2-bound RISC. After 48 hr, 5′3′CL might be slightly degraded in the cells as evidenced by a faint signal detected on northern blot, moving faster in the gel from 5′3′CL. Even though the 5′- or 3′-side CL is digested by nucleases, the antisense region of 5′3′CL could remain unaffected. Next, we co-transfected cells with equivalent moles of AMOs to compare the binding ability toward Ago2-RISC complex under competitive conditions. When 5′CL was co-transfected with single-stranded AMO (5′SS; [Figure S3](#mmc1){ref-type="supplementary-material"}) having very weak anti-miRNA activity (data not shown), only the 5′CL band was detected in northern blotting ([Figure S10](#mmc1){ref-type="supplementary-material"}). Next, cells were co-transfected with equivalent moles of 5′CL, 3′CL, and 5′3′CL; 5′3′CL was mainly detected ([Figure 5](#fig5){ref-type="fig"}C, left lane in IP). These results are consistent with the activity observed in the luciferase assay. In co-transfection with 5′CL and 3′CL, both CL-AMOs were observed in the gel analysis, but importantly, the normalized band intensity of 5′CL was about 8-fold higher than that of 3′CL ([Figure 5](#fig5){ref-type="fig"}C, right lane in IP). As described above, 5′CL is more nuclease-labile than 3′CL, and there is no difference in Tm values between either CL-AMO. Therefore, this result suggests the possibility that 5′CL has potential to form a complex with RISC more effectively.

CL Effects on miRNA Inhibition Are Generally Observed {#sec2.7}
-----------------------------------------------------

Next, we synthesized CL-AMOs targeting other miRNAs. One or both terminals of antisense for miR-16 were linked with CL to prepare 5′3′CL-R16, 5′CL-R16, and 3′CL-R16 ([Figure 6](#fig6){ref-type="fig"}A), and these AMOs were assayed in HCT116 cells. 5′3′CL-R16, with CL at both termini, exhibited the highest activity, followed by 5′CL-R16. The activity of 3′CL-R16 did not reach the same level as that of 5′CL-R16 observed in AMOs targeting miR-21. Fold increases in hRluc/Fluc at 1.5 nM compared to the control without AMO (0 nM) of 5′3′CL-R16, 5′CL-R16, and 3′CL-R16 were 4.9, 3.3, and 2.3, respectively. We also confirmed that cross-linked hairpin-type AMO was more effective than the normal hairpin AMO ([Figure 6](#fig6){ref-type="fig"}B). In the assays for miR-16, AMO concentrations varied from 0 to 1.5 nM because the differences in anti-miRNA activities became more evident at low-AMO concentrations. This would be mainly the result of the low functional activity and narrow dynamic range of miR-16 in the dual luciferase assay (compare intensity in [Figures 3](#fig3){ref-type="fig"}A and [6](#fig6){ref-type="fig"}A at 0 nM concentration) as previously reported.[@bib31], [@bib41] Similar structural dependency was confirmed in AMOs targeting let-7c ([Figure 6](#fig6){ref-type="fig"}C). These results suggest that the structure-function relationship of the CL-AMOs might be derived from a common mechanism in the AMO-miRISC interaction.Figure 6Generality of CL Effects on miRNA Inhibition of AMOSequences and inhibitory activities of AMOs flanked by CL at their 5′ and 3′, 5′, or 3′ position against miR-16 (A) and let-7c (C) and of AMOs flanked by the hairpin structure with and without cross-linking against miR-16 (B). Activities are represented by relative luciferase intensities 48 hr post-AMO transfection as mean ± SD (n = 3 independent experiments).

CL-AMOs Show No Immune Activation {#sec2.8}
---------------------------------

Single- or double-stranded DNAs and RNAs are recognized by Toll-like receptors in mammalian cells, resulting in significant toxic effects.[@bib55] Although short MeRNA oligonucleotides are known not to have immune stimulatory action,[@bib56] there has been no evidence for immune inactivation of the CL-modified MeRNAs. HeLa cells were transfected with 10 nM 5′3′CL, 5′CL, or 3′CL, and the mRNA levels of the interferon-responsive genes *OAS1*, *MX1*, *IRF9*, and *IFITM1* were evaluated at 7 and 24 hr post-transfection by qRT-PCR.[@bib31] The results ([Figure S11](#mmc1){ref-type="supplementary-material"}) clearly show that the CL-AMOs do not induce an immune response in cells as judged by the interferon induction level. We also confirmed no significant cytotoxicity of the CL-AMOs upon transfection by lactate dehydrogenase (LDH) assay ([Figure S12](#mmc1){ref-type="supplementary-material"}).

Discussion {#sec3}
==========

Single-stranded guide RNA is incorporated into Ago protein, and the resulting Ago-guide complex plays a central role in si/miRISC. Crystallographic analyses of prokaryotic and eukaryotic Ago-guide complexes have revealed that both target and guide RNA are orderly positioned on four domains of Ago.[@bib45], [@bib57], [@bib58], [@bib59], [@bib60], [@bib61], [@bib62] Ago-guide association to target RNA is primarily mediated via base paring at the seed region of the guide RNA, followed by propagation to the adjacent central and supplemental regions of guide[@bib3], [@bib4] (top, [Figure 7](#fig7){ref-type="fig"}). This guide-target paring is reported to be blocked at the sixteenth nucleotide from the 5′ end of the guide by the N domain, which acts like a wedge in the RISC assembly process.[@bib7] Hence, the 3′ tail of the guide is likely to remain as a single strand on Ago or weakly contact the target. This is consistent with previous results, which showed that Ago2-guide complex is able to tolerate mismatches opposite the 3′ tail region for its activity.[@bib4], [@bib5], [@bib53]Figure 7Schematic Representation of miRISC Inhibition by AMO with (Left) and without (Right) Hybridization at the miRNA 3′ End Region, Promoted by the Introduced CL StructureP and N indicate PAZ (P) and N domain, respectively. MiRNA and CL-AMOs are shown in red and black + gray, respectively. The 5′-phosphate group of miRNA is shown in red circle (5′p).

In this study, we have employed cross-linked MeRNAs (CLs) to stabilize duplexes flanking a single-stranded AMO and have evaluated the function of the duplexes in inhibiting miRNAs, with two notable results. First, the inhibitory effect of single-stranded AMOs could be enhanced by linking with CL. Of AMOs tested here, AMO with CL at both terminals (5′3′CL) exhibited the highest inhibitory activity, with binding with the seed region found to be essential for 5′3′CL activity. Thus, 5′3′CL could be recognized by the Ago-guide complex in the same manner as target RNAs. Second, AMOs with CLs at either the 5′ or 3′ terminal (5′CL, 3′CL) showed different results in anti-miRNA activity, nuclease resistance, and miRNA modification pattern. Interestingly, the 5′-side CL might play a more important role in anti-miRNA activity than the 3′-side CL.

When 5′3′CL or 5′CL, which contains CL on the 5′ side, binds the Ago-guide complex (left, [Figure 7](#fig7){ref-type="fig"}), the 5′ duplex approaches the N domain and sterically clashes with it following the propagation step. Note that the CL is not dissociated and has the potential to stabilize the adjacent hybridization due to a high stacking effect. Thus, the 5′-side CL might replace the N domain from the wedging position and promote the 3′ tail to stably bind the opposite, complementary AMO sequence (bottom, [Figure 7](#fig7){ref-type="fig"}). Interference with 3′-tail binding by incorporating a mismatch (5′CL-M) or by steric masking (5′CLsp-2) significantly reduced anti-miRNA activity ([Figure 3](#fig3){ref-type="fig"}B), supporting the notion that 3′-tail binding occurs in 5′3′CL and 5′CL. Interestingly, the insertion of a spacer between the 5′ duplex and the antisense region decreased anti-miRNA activity (5′CLsp2, 5′CLsp5; [Figure 3](#fig3){ref-type="fig"}B). This can be explained by the failure in repositioning the N domain due to the presence of the flexible spacer or by a weakened stacking effect of the CL. Recently, the structure of silkworm P-element induced wimpy testis (PIWI)-clade Ago (Siwi) complexed with PIWI-interacting RNA (piRNA) has been solved and revealed that the alignment of the N-PAZ lobes with respect to the MID-PIWI lobes differs from that of human Ago (hAgo).[@bib63] This distortion of the N-PAZ lobes allows the 3′ tail of piRNA to form a duplex with target RNA. Similar structural changes of the N-PAZ domains might be induced upon binding with the 5′ side CL of AMOs.

On the other hand, 3′CL is expected not to interfere with the N domain because of the lack of the 5′-side CL ([Figure 7](#fig7){ref-type="fig"}, right). Hence, 3′CL acted like a single-stranded AMO in guide-strand modification ([Figure 5](#fig5){ref-type="fig"}A) and provided a less-stable Ago-guide-AMO complex than 5′CL, as observed in IP analyses ([Figure 5](#fig5){ref-type="fig"}C). However, 3′CL importantly showed high nuclease resistance, which is attributed to the extra stable CL structure on the 3′ side. Thus, the 3′-side CL contributes to the higher activity of 5′3′CL through cooperative functions with the 5′-side CL. We improved the 3′-exonuclease resistance of 5′CL by introducing phosphorothioate linkage into the 3′ end (5′CLps; [Figure 4](#fig4){ref-type="fig"}B), and 5′CLps was observed to increase anti-miRNA activity; however, 5′CLps was still less active than 5′3′CL. The difference in activity between 5′3′CL and 5′CLps suggests that the 3′-side duplex may have another role in inhibitory activity.

Finally, the stable and indissociable cross-linked duplex structure was found to be useful in enhancing the miRNA inhibition activity of AMOs and also in revealing the underlying mechanism of biological events in which duplex structures interact, confirming its significance and potential in functional oligonucleotides. The results described indicate that rational molecular designs of AMOs are possible in controlling miRNA functions.

Materials and Methods {#sec4}
=====================

AMOs {#sec4.1}
----

MiRNA hairpin inhibitor-miR-21 was purchased from Thermo Scientific (miRIDIAN microRNA hairpin inhibitors, IH-300492-05). Anti-miR-21-5p tough decoy RNA was purchased from Sigma-Aldrich (MISSION Synthetic microRNA Inhibitor).

Preparation of MeRNA AMOs Containing Interstrand Cross-Link Sites {#sec4.2}
-----------------------------------------------------------------

All MeRNAs containing deoxyuridine were chemically synthesized using standard phosphoramidite chemistry. Cleavage of MeRNAs from the controlled pore glass and deprotection of the protecting groups were carried out in AMA solution at 65°C for 10 min.[@bib64] Cross-link reactions of MeRNAs were performed under the same condition as that for DNA duplexes.[@bib37], [@bib39] The scheme and conditions of cross-link reactions for two- or three-stranded MeRNAs are described in [Figure S1](#mmc1){ref-type="supplementary-material"}.

CD Measurements {#sec4.3}
---------------

Cross-linked and perfect-match duplexes (CL12, DS12) were dissolved in the solution (300 μL; 3 μM) containing 50 mM sodium phosphate buffer (pH 7) and 10 mM NaCl. CD measurements were performed using a 1 mm path length cell and wavelengths were scanned from 350 nm to 200 nm (J-820, JASCO). CD spectra were determined from the integration of five scan data. Molecular ellipticities of 265 nm were also measured at each temperature, which was increased from 25°C to 85°C at the rate of 1°C/min.

Tm Measurements {#sec4.4}
---------------

Thermal denaturation experiments of all duplexes (1.0 μM) were carried out in 10 mM sodium cacodylate buffer (pH 7) containing 10 mM NaCl. The solutions were heated at 90°C for 3 min, gradually cooled to anneal each duplex. UV absorbance of these duplexes was measured by the use of UV-2500PC (Shimadzu), and Tm values were calculated from their plots.

Cell Culture and Luciferase Assays {#sec4.5}
----------------------------------

HeLa cells were cultured in DMEM (Sigma) supplemented with 10% fetal bovine serum (FBS; GIBCO), 100 U/mL penicillin (Gibco), and 100 μg/mL streptomycin (Gibco), respectively. A target sequence complementary to mature miR-21 was inserted into the 3′ UTR of the hRluc gene of the psiCHECK-2 vector (Promega) (*SgfI*/*PmeI* sites), yielding plasmid psiCHECK-2-miR21, which contained both hRluc and Fluc genes. HeLa cells were seeded at densities of 2 × 10^4^ cells per well in 96-well plates (Nunc) in DMEM (200 μL) containing 10% FBS the day before transfection. After an aliquot (100 μL) was removed from each well, the cells were transfected in triplicate with DMEM solution (10 μL) containing Lipofectamine 2000 (Invitrogen; 0.3 μL per well), psiCHECK-2-miR21 (100 ng per well), and AMOs. The concentrations of AMOs were varied from 0 to 10 nM (up to 35 nM for 5′CL and 3′CL). Luciferase activity measurements were performed at 48 hr post-transfection according to the manufacturer's instructions (Promega, Dual-Glo Luciferase Assay System). The ratios of hRluc to Fluc (hRluc/Fluc) were first calculated from the average of triplicate wells. Then, all ratios were normalized using the ratio of psiCHECK-2-treated cells without AMO.

Nuclease Resistance {#sec4.6}
-------------------

AMOs (5′3′CL, 5′CL, 3′CL; 25 pmol) were dissolved in the snake venom phosphodiesterase (SVPD) digestion buffer (25 μL) containing 50 mM Tris-HCl (pH 8), 10 mM MgCl~2~, and incubated with SVPD (0.4 μg) at 37°C. After specified time intervals, an aliquot (4 μL) was removed from the reaction solution, then transferred into the gel loading solution (4 μL) containing 50 mM EDTA, 10 M urea to stop the nuclease reaction. After the reaction products were analyzed with 20% PAGE containing 8 M urea, the gel was stained with SYBR Gold (Thermo Scientific).

Real-Time Bioluminescence Monitoring {#sec4.7}
------------------------------------

HeLa cells were seeded in 24-well black clear-bottom plates (Nunc) at 1 × 10^5^ cells per well 1 day before transfection. HeLa cells were cotransfected with reporter plasmids, pSV40-SLG-PEST carrying miR-21 binding sequence at the 3′ UTR of the green-emitting SLG gene (*XbaI*/*FseI* site) (125 ng per well), pTK-SLR3 as an internal control vector (375 ng per well), and 2 nM of AMOs using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. One day after the transfection, the culture medium was replaced with DMEM without phenol red supplemented with 10% FBS, 25 mM HEPES/NaOH (pH 7.0; Sigma-Aldrich), 200 μM D-luciferin potassium salt (RESEM, Lijnden, the Netherlands). Bioluminescence was measured and calculated as reported previously.[@bib46], [@bib47] In brief, bioluminescence was recorded for 5 s at intervals of 10 min in the absence or presence of the R62 long-pass filter (HOYA, Tokyo, Japan) under a humidified atmosphere containing 5% CO~2~ at 37°C using a microplate-type luminometer (WSL-1560, ATTO, Tokyo, Japan).

Immunoprecipitation of Ago2 and RNA Blot {#sec4.8}
----------------------------------------

Immunoprecipitation of Ago2 complex from HeLa cells transfected with AMO was conducted using the 4G8 anti-Ago2 antibody and miRNA isolation kit (Wako) according to the manufacture's instructions. The obtained sample was electrophoresed using 15% poly-acrylamide gel containing 8 M urea. Oligonucleotides were transferred to positively charged nylon membrane (Roche) and UV cross-linked. A digoxigenin (DIG)-linked deoxyoligonucleotide probe for AMO-complementary sequence was prepared using DIG-tailing kit (Roche) and subjected to hybridization with AMO on the membrane. The membrane was then washed with 2× and 0.5× saline-sodium citrate (SSC) with 0.1% SDS. Detection was performed with Lumino Graph (ATTO) using a DIG luminescent detection kit (Roche). Northern blot analysis of miR-21 in HeLa cells transfected with AMO was carried out after total RNA isolation using miRNeasy Mini Kit (QIAGEN). Denatured PAGE was then conducted using gel containing 20% formamide and 8 M urea. We confirmed that miR-21 and AMO were separated in the denaturing PAGE, which did not interfere with miR-21 detection.[@bib52], [@bib54] A DIG-tailed deoxyoligonucleotide probe complementary to the miR-21 was used for detection.

qRT-PCR of mRNAs for hRluc Gene with miR-21 Complimentary Sequence and Interferon Responsive Genes {#sec4.9}
--------------------------------------------------------------------------------------------------

HeLa cells were seeded in 96-well plates 1 day prior to transfection. Cells were transfected with the dual luciferase plasmid with a perfect-match target site for miR-21 at the 3′ UTR of hRluc gene and with/without 5 nM AMO using Lipofectamine 2000. Total RNA was isolated 48 hr post-transcription and treated with DNase I (QIAGEN) to remove DNA contamination. The obtained RNA was reverse transcribed into cDNA using the SuperScript III First-Strand Synthesis System (Thermo Scientific) with oligo(dT)~20~ primer. Real-time PCR was performed using Platinum SYBR green qPCR Supermix (Thermo Scientific). Relative mRNA levels of hRluc with miR-21 binding sequence (miR-21BS) at its 3′ region was calculated by the ΔΔCt method using Fluc mRNA level for normalization. Primer sequences for Renilla-miR-21BS were 5′-GAGGACGCTCCAGATGAAATG-3′ (forward) and 5′-GGCCGCTCTAGGTTTAAACTAG-3′ (reverse), and those for Fluc were 5′-CGTGCCAGAGTCTTTCGACA-3′ (forward) and 5′-ACAGGCGGTGCGATGAG-3′ (reverse), according to the literature.[@bib65] Immune response analysis were carried out according to the previous report[@bib31] with 0 and 10 nM AMO without plasmid.
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